Background The navigation system was introduced to orthopaedic surgery in the 1990s. More recently, CT-based navigation systems have been used more commonly in spine and joint replacement surgery because of their precision.
Introduction
Computer-assisted surgery has been performed for cranial biopsies and tumor resections for two decades [6, 12, 13, 21, 24, 26, 34] before being introduced to the field of orthopaedics [1, 5, 8, 9, 11, 15-17, 19, 23, 29, 30] . Currently, navigation systems often use CT data to navigate pedicle screw applications [1, 11, 17] , cup placements for hip arthroplasties [16] , TKAs [8, 19] , and cruciate ligament reconstructions [9, 23] . Excising bone tumors is sometimes difficult even for an experienced surgeon because the extent and anatomic location of the tumors are variable and cannot be detected by ordinary radiography or fluoroscopy [15, 30] . In such cases, precise excision might not be possible. Some studies have reported on bone and soft tissue tumor resection using navigation [2-4, 7, 14, 21, 25, 28, 32, 33] . The aim of our study was to evaluate the accuracy and efficacy of navigation-assisted excision of bone tumors with skin marker registration.
Patients and Methods
From January 2006 to December 2009, we studied 16 patients (11 males and five females), between 13 and 76 years of age (mean, 39 years), with tumors located at the pelvis (n = 5), femur (n = 6), tibia (n = 3), humerus (n = 1), and tarsus (n = 1). Nine patients were diagnosed with benign bone tumors, four with low-grade malignancies, and three with high-grade malignancies. Tumor types included osteoid osteoma (n = 6), phosphaturic mesenchymal tumor (n = 2), chondroblastoma (n = 1), parosteal osteosarcoma (n = 2), chordoma (n = 1), myxoid liposarcoma (n = 1), recurrent dedifferentiated chondrosarcoma (n = 1), recurrent extraskeletal osteosarcoma (n = 1), and conventional osteosarcoma (n = 1). The two malignant soft tissue tumors infiltrated the adjacent bone.
The StealthStation TM Treatment Guidance System (Medtronic-Sofamor Danek Co, Ltd, Osaka, Japan) was used for computer-navigated surgical treatment. This navigation system consists of a computer workstation, a reference frame with passive markers, a standard probe, and an electro-optical camera connected to the computer workstation, which serves as a position sensor. This system can be run by six types of application software. No specific application has been developed to support the resection of tumors. We used the ''Spine'' module developed for pedicle screw application. The system uses CT data sets of the region of interest.
The registration procedure in each patient was performed using 10 skin markers provided by Medtronic Sofamor Danek Co Ltd. Each marker was small, donutshaped, self-adhesive, and filled with a material that could be seen on CT and MRI. On the day before surgery, a CT scan was obtained with the patient in a posture equivalent to that used during the planned surgery. Data were acquired using a multislice CT scanner (Asterion; Toshiba, Japan) at a maximum of 1-mm intervals. The patient's data were transferred to the navigation computer and reconstructed as 3-D images on a monitor.
The registration process was similar to the image fusion process in frameless procedures termed ''paired point-based registration'' and was accomplished with reference to the 10 skin-based markers. The registration procedure was performed in the operating room before the start of surgery, using sterile conditions and with the patient under general anesthesia. The accuracy of the image-to-patient registration was termed the registration error. The registration error was calculated using the navigation system software. It accepted a calculated error less than 2 mm, which was verified with the pointer tool using the verification mode provided by the navigation system. Once the registration was complete, the computer-navigated surgery started. A surgeon verified the actual skin location against what was displayed on the monitor.
An excisional biopsy was performed in each of the nine patients with benign tumors with the same distance to the margin (4 mm in diameter). In five patients with low-grade tumors and one patient with a conventional osteosarcoma that showed a good response to chemotherapy, the margin was 10 mm wide. For the three patients with high-grade tumors, the margin was 20 mm wide. Each excised margin was estimated by histologic analysis and postoperative CT. Each elapsed time of registration and placement of the reference frame were measured. The postoperative followups ranged from 10 to 56 months (mean, 37 months). All nine patients with benign tumors were free of disease. Of the seven patients with malignant tumors, one with an extraskeletal osteosarcoma died of lung metastases 10 months after surgery, whereas in a patient with a chordoma, a second oppositeside skip lesion was observed 12 months after the first surgery. The latter patient underwent a second operation and survived for an additional 39 months with a few different lesions. The other five patients were continuously disease-free after surgery (Table 1) .
Results

Body
Patient 1
A 70-year-old woman had a 5-year history of general body pain and muscle weakness. Laboratory data indicated a consistently low serum phosphorus and high serum alkaline phosphatase levels. A bone biopsy revealed osteoid accumulation on the bone's surface indicative of osteomalacia. Venous blood was used for whole-body mapping of intact fibroblast growth factor 23 (FGF-23) [27] .
The results showed high levels of FGF-23 in the venous blood drained from the right lower leg. No lesions were detected on the radiographs of the right leg and foot.
However, MRI using homogeneously low signal intensity on T1-and T2-weighted sequences, a 10-mm lesion was clearly seen on the proximal tibia (Fig. 1A-B) . No accumulation was observed in this tumor using scintigraphy with technetium ( 99m Tc) or thallium ( 201 Tl), or with positron emission tomography ( 18 F-FDG-PET). This osteomalacia was caused by the benign tumor. Navigation-assisted surgery was performed, and the tumor was successfully excised en bloc using a trephine 12 mm in diameter and additional curettage was required ( Fig. 1  C-F) . The histologic diagnosis was hemangiopericytoma with positive FGF-23 immunostaining and without malignancy [10] . After surgery, the patient's serum phosphorus level returned to the normal range in a few weeks. She had no evidence of recurrence 51 months after surgery. 
Patient 2
A 76-year-old woman was examined using abdominal CT, and an unexpected soft tissue mass was observed on her right hip. MRI revealed a soft tissue tumor with a bony lesion that had homogeneously low signal intensity on T1-weighted and high signal intensity on T2-weighted sequences that was enhanced with gadolinium. A needle biopsy yielded the diagnosis of low-grade myxoid liposarcoma. The extent of the iliac lesion was close to the joint and could not be detected on radiographs or with fluoroscopy. Because of the patient's age and the low-grade tumor status, we planned minimally invasive surgery with a 10-mm margin [31] . A planned excision line was made for the CT image ( Fig. 2A) . After registration, several Kirschner wires were placed on the excision lines (Fig. 2B) . En bloc excision was performed successfully using chisels outside the wires. Although the actual result of the histologic margin was 6 mm, she was disease-free for 42 months after surgery (Fig. 2C) .
Patient 3
A 40-year-old woman had a painful, swollen knee for 2 months. The primary lesion was found in the proximal tibia and a skip lesion was found in the distal femur. The primary and skip lesions showed heterogeneous signal intensity on T1-and T2-weighted sequences, and they were enhanced with the contrast medium. The skip lesion was approximately 14 mm in diameter (maximum). A biopsy was performed only of the primary lesion, which was diagnosed as being a conventional osteosarcoma. After seven courses of preoperative chemotherapy with caffeine, both lesions showed good response [31] . We planned a 10-mm-wide resection of the primary lesion and computer-assisted surgery (CAS) for the skip lesion (Fig. 3  A) . The skip lesion was excised using the navigation system with a margin of at least 10 mm (Fig. 3B) . Only the excised cortical bone was reimplanted using the intraoperative irradiated auto-bone graft method, whereas the joint was replaced with a custom-made TKA system [18] . There was no evidence of disease recurrence for 24 months after the surgery.
Discussion
To complete a tumor resection safely, a surgeon has to examine the extent of the malignant bone and soft tissue. Evaluation of a patient's MRI and/or CT images is necessary for preoperative planning of tumor resection and reconstruction. The tumor's 3-D position could not have been recognized accurately by surgeons before introduction of the computer navigation system. Navigation procedures for tumor surgery based on CT data provide the advantages of high precision and reduced radiation exposure for surgeons.
Two basic types of image guidance systems currently are available: a CT-based system and a fluorography-based system. The advantages of the CT-based system include the ability to do preoperative planning and the availability of 3-D reconstructions, whereas the disadvantage of this method is that it requires accurate preoperative registration [27] . In bone tumor surgery, CT-based navigation often is preferred over fluorography-based navigation because of clear recognition of the position and/or tumor margin on the bone, both of which are difficult to obtain with fluorography, and because it allows for preoperative planning of resection surgery on the basis of 3D-CT imaging.
For routine CT-based navigation, paired point-based registration uses fiducial markers that are fixed invasively to the surface of the involved bone. In the current study, instead of the bone-fixed markers, multiple skin-point markers were used to avoid an invasive marking procedure. The drawback of this method was potentially inaccurate registration owing to improper placement of the skin markers and positional shifting of the markers by the skin sliding during surgery.
To overcome these risks, 10 skin markers were placed randomly but carefully to cover the surrounding tumor. This system shows the 3-D virtual real image and has little error. Regarding the registration error using fiducial skin markers, early trials showed displacements from the CT data as large as 2 to 4 mm at the time of surgery, and this was concluded to be an unacceptable accuracy; thus, use of the noninvasive fiducial was inadequate [12] .
In neurosurgery, skin shifting is a problem when head pins are used [22] . The use of bone-anchored screw markers has been recommended for better accuracy [14] . In the current study, four Kirschner wires were used preoperatively as fiducial markers and patient image registration was performed as described by Cho et al. [7] . According to Wong et al., registration of paired points and surface matching is needed to touch the bone directly around the lesion and for extensive skin incisions [35] .
To improve skin marker accuracy, it is important to match the same positions of the skin markers from the CT data acquisition with those obtained during surgery. In our patients, acquisition of CT data was made in a position equivalent to that of the planned surgery. Consequently, our registration errors might be acceptable (mean, 0.93 mm) in this small study. Another reason for the good registration accuracy might be because our patients were not obese [21] .
Registration using skin markers must be performed carefully at sites without respiratory motion and with CT data obtained with the patient in a position identical to that at surgery, eg, hand and forearm surgery. However, a new combined system of CT and navigation has been introduced that can be used for repeated examinations in the same operating room using a new corrective data set. This system does not require a long registration time but does allow for repeated reexamination of the CT scans during the operation [25] . Furthermore, image fusion technology has been used in orthopaedic oncology; however, more practice and new software choices are needed to apply this technology [7, 35] . Osteoid osteomas are commonly treated with CT-guided radiofrequency ablation (RFA), but the main disadvantage in patients with suspected tumors is the lack of histologic verification [20] . RFA for bone and soft tissue tumors is not yet approved for use in Japan.
Wide excision is the most common treatment in malignant bone and soft tissue tumor surgery. Evaluation of the surgical margin is useful for determining the curative success of surgical treatment for musculoskeletal sarcoma and the degree to which later surgeries will be reduced by preoperative therapy [31] . This navigation procedure also might be applicable to resection of malignant bone and soft tissue tumors with bony extension to determine the correct resection margin when the tumor extent cannot be clarified by fluoroscopy or plain radiographs. It also could be used for minimally invasive bone resection. Although a navigation system is useful for tumor surgery, it is expensive and requires additional preparation time. In our study, the preoperative preparation time using this system was 16 to 35 minutes, and the planning time depended on the complexity of the case. More clinical experience is required to elucidate the indication and efficacy of navigation-assisted surgery. Additional research and technological advances of navigation systems will ensure the continual advancement of bone tumor surgery standards.
In appropriately chosen patients, the use of computer navigation for removal of bone and soft tissue tumors with bony extensions using a registration technique involving skin marker fiducials can yield successful and accurate resections. Fig. 3A-B A 40-year-old woman had osteosarcoma of the right tibia and (A) a femoral skip lesion that showed bone formation on the CT scan. A planned excision line was made for the CT image. (B) The tumor was excised successfully with margins of at least 10 mm.
